The index of refraction (n) is an intrinsic parameter of materials and tissues that has recently been proven useful as a biomarker for the diagnosis disease. It can also serve as a source of optical contrast for imaging and provides invaluable information on disease and cell dynamics for studies in various fields such as hematology, oncology, etc. There are many methods to experimentally measure n, e.g. using prisms or interferometers. Optical coherence tomography (OCT) has also been used in the past to measure the index ex vivo. However, the methodologies reported to date are not appropriate for in vivo imaging since they require either a mirror below the sample or an otherwise complicated imaging setup and algorithm. In this summary, we propose a new measurement technique that could be deployed for in vivo estimation of n. This technique uses two OCT images obtained at different incidence angles. The path-lengths observed, in the sample, are different in the two images and directly depend on n. Measuring the path length changes and the incidence angles can provide an estimate of the index. The dual-angle method was validated experimentally using both clear and scattering samples. The resulting measurements of n were within a mean of ~1 % of the expected values. These initial results are promising and provide evidence that this method should be further investigated and validated on human tissues so that, in the future, it could be developed into a clinically useful diagnostic tool.
INTRODUCTION
The index of refraction (n) is an important intrinsic optical parameter of tissue that has been recently exploited for various applications. All materials have unique n values, which are associated with their electrical permittivity. Medical imaging systems use n as a source of optical imaging contrast to view tissue without the need of labeling or extrinsic contrast agents. Studies have shown that the distribution of n in tissue, using data from medical systems such as computed tomography and Optical Coherence Tomography (OCT), could also be used as a biomarker for medical diagnosis [1] [2] . Microbiology, hematology, and infectious disease studies show that n distribution can provide valuable information about cellular growth and division and bacteria identification [3] [4] [5] . Various methods exist for the measurement of n of different materials including tissues [6] [7] [8] . Using OCT, a common method to estimate n is based on measuring the path-length change from a sample placed over a reflector but is only appropriate for ex vivo measurements 9 . Other methods, that have been recently proposed, depend on very complicated experimental setups and algorithms and are also very hard to apply in vivo [10] [11] . A new method, appropriate for in vivo and in situ measurement of n in tissues, without the need for a reflector as a reference, is proposed here. Such a technique could be developed into a useful diagnostic tool in the future.
METHODOLOGY
When a sample is horizontal, the light is incident on the glass perpendicularly and reaches the bottom of the sample without changing direction. The optical path length (L 1 ) from the top to the bottom surface of the sample is equal to the sample thickness (d) multiplied by the index of refraction (n). If the incidence is at an angle, the beam is refracted and, as it passes through the medium, it follows a path length (L 2 ) which is longer than that of perpendicular incidence (Fig. 1A) . Given that the path lengths and incidence angles can be measured from the OCT images the index of refraction can be estimated, using Snell's law's, by:
If the beams in both images are at an angle ( Fig. 1B) , the equation becomes:
The path lengths (L 1 and L 2 ) can be measured directly from the images and the incidence angles (θ 1,1 , θ 1,2 ) can also be measured directly from the angle of the top surface of the sample. This approach was verified by using samples placed over a reflector so that the path length change could be easily measured and, at the same time, use the same reflector as a reference for estimating n using the technique described by Tearney et al 9 .
However, distinct, highly reflective, structures are rarely present in tissue. In order to apply this technique in vivo, a different approach is required to estimate the path length change. This can be achieved by first registering and aligning the two images, with a rigid affine transformation, and subsequently using the cross-correlation of corresponding AScans from each image to estimate the path length change for each A-Scan. This change is estimated from the lag of the first maximum, after the zero-lag peak, of the cross-correlation, which corresponds to the shift where the two slightly shifted images match again (Fig. 2 ). The index is, then, calculated by: 
EXPERIMENTAL RESULTS
A swept source OCT system, with 1.3 μm center wavelength and 12 μm resolution in air (Santec IVS 300), was used to image samples of glass and cucumber placed over a reflector, which also served as a reference to measure the actual sample thickness and n. The OCT data was processed in MATLAB and n was calculated using both the reflector reference method, described in the literature, and the proposed dual-angle method either by measuring the path lengths from the reflector peak below the sample or using the cross-correlation lag. The results were compared with the reference to evaluate the accuracy and the applicability of the proposed method, first, to uniform, non-scattering, films and, subsequently, higher scattering samples (cucumber) with more complicated structures and varying thicknesses and angles of incidence. Initially, images of glass were acquired for different incidence angles, ranging from 5 o to 20 o , with eight repetitions for each combination, for a total of 48 images (Fig 3 A&B) . The average results are shown in Table 1 . When compared to the reference value of the index of the glass, n = 1.509, the error was 1.36%. Imaging of thin cucumber slices followed in an effort to examine the validity of the method in higher scattering samples (Fig. 3 B&C) . The average results, when using the reflector below the sample to measure the path lengths, are also shown in Table 1 . The estimated n was compared to the reference value measured, and exhibited a mean error of ~0.7 % (varying from 0.5% to 2 %). Finally, n was estimated using the cross-correlation method (Fig. 4) . The results are also shown in Table 1 . When compared to the reference value, the error was ~1.1 % (varying from 0.1 % to 3 %). The variation in the error, reaching in some cases 3%, is explained but also exemplifies the most serious limitation of the proposed technique, i.e. image misalignment. Misalignment by as little as ± 10 μm between the two images could lead to up to 5% error, as measured experimentally. This limitation should be taken into account and alignment should be carefully monitored especially when measuring the index of non-uniform samples.
CONCLUSIONS
In this summary, we propose a new measurement technique that could be deployed for in vivo estimation of n. This technique uses two OCT images obtained at different incidence angles and estimating n by measuring the path length changes and the incidence angles. In tissues with no distinct reflectors, the path length change can be estimated by first registering and aligning the two images, with a rigid affine transformation, and subsequently using the cross-correlation of corresponding A-Scans from each image. Experimental verification produced values of n with a mean error of ~1 % compared to the expected values. These initial results are promising and provide evidence that this method should be further investigated and validated so that, in the future, it could be developed into a clinically useful diagnostic tool. 
